The change in droplet properties (particle size, charge, and organization) was measured 28 throughout the GIT and the rate and extent of lipid digestion was measured in the small 29 intestine phase. The presence of fucoidan increased the initial digestion rate of caseinate-30 and WPI-stabilized emulsions due to its ability to modulate lipid droplet aggregation 
Emulsion preparation

174
Stock emulsions emulsified by caseinate, WPI, Tween 80, or lecithin (10 wt% fish oil, 175 1 wt% emulsifier) were prepared by homogenizing 10 wt% fish oil, 50 wt% emulsifier 176 solution, and 40 wt% stock buffer using a high-speed blender (M133/1281-0, Biospec 177 Products, Inc. ESGC, Switzerland) at 10,000 rpm for 2 min, followed by six passes at 12 178 kpsi through a high pressure homogenizer (Microfluidizer M-110L, Microfluidics, 179
Newton, MA). 180 diluting the stock emulsion with fucoidan solution and stock buffer solution, and stirring 182 for 30 min. Similar emulsions containing no fucoidan were prepared by diluting the stock 183 emulsion with only stock buffer solution. Previous studies have indicated that the effect 184 of some polysaccharides (e.g., pectin, chitosan, methyl cellulose) on emulsion digestion 185 depends on polysaccharide concentration (Espinal-Ruiz, et al., 2014; Zhang, et al., 2015) . 186
In the current study, we therefore determined the impact of fucoidan on lipid digestion at 187 both 0.2 and 0.5 wt%, however no appreciable difference in the results was found, and so 188 only the data for the lower concentration is shown here for the sake of concision. 189
In vitro digestion model
190
To clarify the influence of fucoidan on emulsion digestion, the gastrointestinal fate of 191 emulsions with and without fucoidan was studied and compared. Initial system: 20 mL of 2 wt% oil-in-water emulsion was placed into a glass beaker in 202 an incubator shaker. 203 with the initial emulsion. After adjustment to pH 6.8, the mixture was placed in an 205 incubated shaker for 10 min to mimic agitation in the mouth. This time is longer than a 206 fluid product would normally spend within the mouth, but it was used to reduce 207 variability amongst different samples. 208
Stomach phase: 20 mL of the sample from the mouth phase was mixed with 20 mL of 209 simulated gastric fluid. After the pH was adjusted to 2.5, this mixture was held in an 210 incubated shaker for 2 h to mimic stomach digestion. 211
Intestine phase 1 -before lipase digestion: 30 g of sample from the stomach phase was 212 transferred to a 100 mL glass beaker that was placed in a water bath and adjusted to pH 213 7.00. Thereafter, 1.5 mL of simulated intestinal fluid and 3.5 mL of bile salt solution 214
were successively added to the reaction vessel with constant stirring. After the pH was 215 adjusted back to 7.00, 5 g sample was taken out for characterization. 216
Intestine phase 2 -after lipase digestion: 2.15 mL of lipase solution was added into the 217 remainder of the sample from intestine phase 1 (approximately 30 g). The pH of the 218 reaction system was then monitored and maintained at pH 7.0 for 2 h by titrating 0.1 M 219 sodium hydroxide solution in the reaction chamber using an automatic titration unit (857 220 Titrando, Metrohm USA Inc., Riverview, FL). The percentage of free fatty acids (FFA) 221 released was then calculated from the volume of sodium hydroxide used to neutralize the 222 FFA using the following formula: 223
Here, V NaOH is the volume of sodium hydroxide required to neutralized the FFAs 225 produced (in mL), m NaOH is the molarity of the sodium hydroxide solution (0.1 M), W Lipid 226 the molecular weight of the fish oil (868 g/mol). 228
Characterization of emulsion samples
229
The ζ-potential of the samples was determined using a commercial instrument that 230 combined dynamic light scattering and microelectrophoresis measurements (Nano-ZS, 231
Malvern Instruments, Worcestershire, UK). Before analysis, samples were diluted to a 232 droplet concentration of approximately 0.05 wt% using an appropriate buffer. Thus, the 233 mouth phase samples were diluted using the simulated saliva fluid without mucin, the 234 stomach phase samples were diluted using the simulated gastric fluid without pepsin, and 235 the other samples were diluted using the stock phosphate buffer (pH 7.0). 236
The particle size distribution was determined using a static light scattering instrument 237 (Mastersizer 2000, Malvern Instruments, Worcestershire, United Kingdom) after dilution 238 in the appropriate buffer solution (as described for dynamic light scattering 239 measurements). The mean particle size was reported as the volume-weighted mean 240
where n i is the number of particles with diameter d i . The 241 refractive indices of the aqueous phase and oil phase used in the light scattering 242 calculations were 1.33 and 1.48 respectively. 243
The microstructure of samples was investigated using confocal scanning laser 244 microscopy. A Nikon D-Eclipse C1 80i microscope (Nikon, Melville, NY) equipped with 245 a 60× oil immersion objective lens was used to capture the images. Before analysis, 2 mL 246 samples were mixed with 0.1 mL Nile Red solution (1 mg/mL in ethanol) and 0. 
Results and discussion
259
The particle size, microstructure, and electrical characteristics of the emulsions were 260 measured at different stages within the simulated GIT to provide some information about 261 the influence of fucoidan and emulsifier type on their gastrointestinal fate (Table 1 analysis showed that these emulsions all consisted of relatively small droplets that were 270 evenly distributed throughout the sample, and rapidly moved around due to Brownian 271 and homogenization conditions used were appropriate for forming stable emulsions 273 containing small droplets. All of the fucoidan-free emulsions were negatively charged, 274
with the magnitude of their electrical charge depending on the nature of the emulsifier 275 used (Fig. 3) . The relatively high negative charge on the caseinate and WPI stabilized 276 emulsions was expected since the pH of the initial system (pH 7.0) was well above the 277 isoelectric points of the proteins (pI ≈ 5). Lecithin, which mainly consisted of 278 phosphatidyl choline, is a zwitterionic polar lipid that has previously been reported to 279
give emulsion droplets a negative charge (Hu, Cao The addition of fucoidan brought no significant difference in the particle size of 287 caseinate, WPI, and Tween 80 stabilized emulsions measured by light scattering. 288
However, flocs were observed in the microscopy images of the same emulsions, which 289 suggests that the lipid droplets were held together by relatively weak attractive forces that 290 were easily disrupted by the dilution and stirring conditions used in the light scattering 291 measurements. This kind of behavior is characteristic of depletion flocculation, which is 292 known to occur when relatively high concentrations of non-adsorbed polymer molecules 293 are present in the aqueous phase surrounding the lipid droplets (Dickinson, Golding, & 294 0.1 wt% fucoidan or higher can promote depletion flocculation in caseinate-stabilized 296 emulsions at pH values above 6, where the droplets and biopolymer are both strongly 297 negatively charged (Chang & McClements, 2015) . 298
The emulsion stabilized by lecithin exhibited somewhat different behavior. The 299 addition of fucoidan significantly increased the mean particle size of lecithin-stabilized 300 emulsions (Table 1c) , which can be attributed to the formation of irreversible aggregates 301 in both of the particle size distribution (Fig. 1c) and the confocal microscopy images (Fig.  302 2). We hypothesize that the aggregates observed in these samples were a result of droplet 303 coalescence. Droplet coalescence is often promoted when the emulsion droplets are 304 brought into close proximity due to depletion flocculation (Klinkesorn, Sophanodora, 305 The presence of fucoidan did not significantly influence the ζ-potential of any of the 309 emulsions, which suggested that it did not adsorb to the surfaces of the lipid droplets 310 under the conditions used. This would be expected since both the lipid droplets and 311 fucoidan molecules were highly negatively charged at pH 7, and so there would be a 312 strong electrostatic repulsion between them. 313
Mouth phase
314
After passing through the mouth phase, the mean particle size of all the fucoidan-free 315 emulsions increased (Table 1) , which can be attributed to the formation of a population of 316 relatively large particles as seen in the particle size distributions ( The addition of fucoidan to the emulsions caused no significant change in the particle 334 size or ζ-potential of the emulsions (Table 1 and Fig. 3 ), which suggested that fucoidan 335 only had a limited impact on the properties of the individual droplets in this state of the 336
GIT. This effect can again be attributed to the fact that both the fucoidan and lipid 337 droplets were negatively charged in the mouth phase, and therefore it was expected that 338 the polysaccharide would not be electrostatically adsorbed onto the droplet surfaces. 339
Having said this, droplet aggregation was still observed in the microscopic images of the 340 (Table 1 and fucoidan-free emulsions after the stomach phase (Fig. 3) . The simulated gastric fluids 365 have a relatively high ionic strength, which would result in a reduction in ζ-potential due 366 to electrostatic screening (Israelachvili, 2011). It is interesting to note that the ζ-potential 367 of the protein-coated emulsions was close to zero rather than highly positive, as would be 368 expected at pH values appreciably below the isoelectric points of caseinate and WPI (≈ 369 pH 5). This effect can be attributed to the adsorption of anionic mucin molecules to the 370 surfaces of the cationic protein-coated lipid droplets, which has been shown in recent 371 studies . In addition, it may be due to partial or complete 372 hydrolysis of the protein molecules adsorbed to the oil droplet surfaces, which may alter 373 the interfacial composition and properties (Singh & Sarkar, 2011; Singh, et al., 2009) . 374
The addition of fucoidan suppressed the decrease in ζ-potential of the protein-375 stabilized emulsions in the stomach phase (Fig. 3) . Previous studies have shown that 376 fucoidan will adsorb onto the surfaces of caseinate-stabilized emulsions at pH values 377 below 6 (even though both the protein and polysaccharide are negatively charge), which 378 was attributed to the electrostatic attraction of anionic sulfate groups on the fucoidan to 379 cationic patches on the adsorbed caseinate molecules (Chang & McClements, 2015) . As 380 both fucoidan and mucin can adsorb onto the surfaces of protein-coated lipid droplets at 381 gastric pH, then it is possible that competitive adsorption and displacement between those 382 two polyelectrolytes might happen. Recently, it was reported that in the presence of a 383 mixture of fucoidan and gum arabic, the fucoidan molecules preferentially adsorb to the 384 surfaces of caseinate-coated lipid droplets, which was attributed to its higher charge 385 density than gum arabic . The highly charge density of fucoidan is 386 whose electrical characteristics are determined by ionizable groups in both the 390 polypeptide backbone (e.g., aspartic and glutamic acid residues, pK a ≈ 4) and the 391 oligosaccharide side chains (e.g., sialic acid residues, pK a ≈ 2.6; and, sulfate groups, pK a 392 ≈ 1) (Cao, et al., 1999 and found that the electric potential of fucoidan (-39.5 ± 1.5 mV) was much higher than 395 that of mucin (-1.9 ± 0.2 mV). It therefore seems likely that fucoidan preferentially 396 adsorbed onto the surfaces of lipid droplets in the presence to mucin. As a result, the 397 protein-coated lipid droplets may have been coated by a highly charged fucoidan layer in 398 these systems. Intriguingly, pectin, a weak electrolyte (pK a ≈ 3. The addition of fucoidan decreased the size of the aggregates formed within the 406 gastric fluids for the caseinate-and WPI-stabilized emulsions (Table 1 and Fig. 1) . 407
Indeed, the particle size distribution plots indicated that there was a population of 408 particles with dimensions similar to those present in the initial emulsions. Moreover, the 409 emulsions containing fucoidan (Fig. 2) . Droplet aggregation may have been inhibited in 411 the presence of fucoidan because the highly anionic fucoidan molecules adsorbed to the 412 surfaces of the protein-coated lipid droplets and increased the electrostatic and steric 413 repulsion between them. 414
Fucoidan did not have an appreciable influence on the particle size or microstructure 415 of the lecithin and Tween 80 emulsions compared to the fucoidan-free emulsions (Table  416 1), which may have been because this anionic polysaccharide did not adsorb to the 417 surfaces of the anionic lipid droplets. Nevertheless, the presence of the fucoidan did 418 increase the measured negative charge in these two emulsions after passing through the 419 stomach phase (Fig. 3) . This effect may have occurred because the anionic 420 polysaccharide molecules contributed to the signal measured by the -potential 421 instrument. 422
Intestine phase 1 -before lipase digestion
423
In this series of experiments, the solution conditions were adjusted to simulate the 424 small intestine, but lipase was not added. This procedure was carried out to provide some 425 information about the aggregation state of the lipid droplets prior to lipid digestion. After 426 adjusting the samples to pH 7.0 and adding bile salts and inorganic salts, the size of the 427 particles in all the emulsions increased regardless of the presence or absence of fucoidan 428 (Table 1 and Figs. 1 to 2) . The size of the particles produced was particularly large in the 429 emulsions containing caseinate-coated lipid droplets in the absence of fucoidan (Fig. 2) . The presence of fucoidan in the emulsions had different effects depending on 440 emulsifier type (Figs. 1 to 3 ). For lecithin-stabilized emulsions, the particle size 441 distribution and microstructure did not appear to be strongly affected by the presence of 442 fucoidan. This may have been because both the droplets and fucoidan were always 443 negatively charged, and so there was little direct interaction between them. For Tween 444 80-stabilized emulsions, there appeared to be more small droplets remaining in the 445 presence of fucoidan (Fig. 1) , but extensive flocculation still occurred (Fig. 2) . For 446 protein-stabilized emulsions, the presence of fucoidan appeared to lead to the formation 447 of fewer flocs, which contained less densely packed lipid droplets (Fig. 2) . It is possible 448 that the anionic fucoidan molecules adsorbed to the surfaces of the cationic protein-449 coated lipid droplets in the stomach phase, and therefore they prevented isoelectric 450 flocculation when the pH was increased from 2.5 in the stomach phase to 7.0 in the small 451 intestine phase. 452
Intestine phase 2 -lipase digestion
453
The influence of emulsifier type and fucoidan on the rate and extent of lipid digestion 454 was examined by using a pH-stat method. The lipid digestion profiles of all the emulsions 455 21 followed a fairly similar pattern. A rapid increase in the release of FFAs was observed in 456 the initial period, followed by a more gradual increase at longer times, until a plateau was 457 reached (Fig. 4) . To make a clearer comparisons, the initial rate of FFA release was 458 calculated by fitting a straight line to the first five minutes of digestion (Fig. 5a) , and the 459 final extent of digestion was calculated at the end of 2 h incubation with lipase (Fig. 5b) . 460
In the absence of fucoidan, the final extent of lipid digestion was greater than 85% in 461 the emulsions stabilized by different emulsifiers, suggesting an almost complete digestion 462 of the fish oil. Nevertheless, the initial digestion rate was appreciably influenced by 463 emulsifier type (Fig. 5a ). The caseinate-coated lipid droplets were digested more slowly 464 than the other three emulsions, which could be attributed to the severe flocculation and 465 coalescence of the lipid droplets that occurred before the addition of lipase (Fig. 2) . Somewhat surprisingly, the fastest rate of lipid digestion was observed for the Tween 80-471 coated droplets, even though they appeared to form large dense aggregates at the 472 beginning of the small intestine phase (Fig. 2) . It is possible that these aggregates 473 consisted of lipid droplets that were only weakly held together by attractive forces, and 474 were therefore easily disrupted during lipid digestion. 475
The addition of fucoidan to the emulsions had little impact on the rate or extent of 476 lipid digestion in the lecithin-and Tween 80-coated droplets (Fig. 5) . This suggests that 477 this polysaccharide did not interfere with the lipid digestion process for these emulsions. 478 lipid droplets led to a significant increase in the initial digestion rate and final extent of 480 digestion (Fig. 5) . This increase could be attributed to ability of the fucoidan molecules to 481 prevent extensive droplet aggregation in the GIT, therefore increasing the surface area of 482 Fucoidan also significantly increased the initial digestion rate of WPI, but the effect 489 was much less than for caseinate (Figs. 5 and 6) . Interestingly, the mean particle diameter 490 of the WPI emulsion containing fucoidan (58 μm) was higher than that of the fucoidan-491 free emulsion (42 μm), and larger flocs were observed by confocal microscopy in the 492 presence of fucoidan (Fig. 2) . This suggests that the structure or stability of the 493 aggregates may have been difference in the presence of fucoidan. Indeed, the confocal 494 microscopy images suggests that the flocs formed in the presence of fucoidan have more 495 open structures, which may have facilitated the penetration of lipase (Fig. 2) . These 496 results highlight the important role of the structural organization of emulsions in the GIT 497 on their digestion. 498
After the incubation of the intestine phase, all the digested samples exhibited relatively 499 high negative charges. These charges are likely to originate from the presence of various 500 types of anionic particulate matter in the digesta (such as undigested protein aggregates, 501 substances (such as peptides or free fatty acids) at their surfaces. Interestingly, the 503 fucoidan had little impact on the overall charge measured in the small intestine phase, 504 which may have been because its impact was dominated by all the other anionic species 505 present. 506
The confocal microscopy images indicated that the large lipid-rich aggregates 507 observed in the initial stages of the small intestine phase were largely disrupted or 508 dissociated by the end (Fig. 2) . This effect can be attributed to the conversion of the 509 lipids into free fatty acids and monoacylglycerols by the lipase, and the conversion of the 510 proteins into peptides and amino acids by the proteases. Nevertheless, some large 511 particles were still observed in the caseinate-stabilized emulsions after lipid digestion 512 (Fig. 2) , which may be because the presence of large dense aggregates prevented 513 complete lipid and/or protein digestion. 514 
Conclusions
